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ABSTRACT 
An experimental inves t iga t ion  w a s  performed t o  determine the  e f f e c t  
of pressure gradient  on the  heat t r a n s f e r  t o  space s h u t t l e  reusable 
surface i c su l a t ion  (RSI) t i l e  a r ray  gaps under t h i ck ,  turbulent bouna- 
ary l ayer  conditions.  Heat. t r a n s f e r  a d  pressure messurenents were 
cbtained on a curved a r r w  of fu l l - sca le  s i d a t e d  RSI t i l e s  i n  a tunnel  
wall boundary l aye r  a t  a nominal f r ee s t r ean  Mach nunbe: of 10.3 and 
6 freestream un i t  Reynolds numbers of 1.6, 3.3, and 6.1  x 10 per meter. 
"ransverse pressure gradients  were induced over t he  mcdel surface by 
ro t a t ing  the  curved array with respect t o  t h e  flow. Defini t ion of the  
t u i e l  wall  boundary l aye r  flow w a s  obtainec by measurement of boundary 
l aye r  p i t o t  pressure p r o f i l e s ,  and f l a t  p l a t e  wall pressure and heat  
t r ans fe r .  
F l a t  p l a t e  w a l l  heat tra;. . e r  da t a  were cor re la ted  and a method 
was derl.ved for predict ion of smooth, curved ar rey  heat t r ans fe r  i n  the  
I?igi~l:: "t'li-kc-dimensional tunnel w a l l  boundary l aye r  flow. Sirnulatior. 
of fu l l -+xde  space s h u t t l e  vehicle  pressure gradient  l e v e l s  was assessed. 
No ~ys t~e rca t i c  e f f e c t  of prensure gradient on RSI t i l e  array gap heat  
t r a n s f e r  was observed. 
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INTRODUCTION 
The space s h u t t l e  o r b i t e r  i s  being designed f o r  an o p e r a t i o n a l  
l i f e  i n  excess  o f  100 r e e n t r y  missions wi th  minimal requ i red  re fu rb i sh-  
ment between those  missions.  I n  order  t o  meet t h i s  requirement,  t h e  
v e h i c l e  thermal  p r o t e c t i o n  system (TPS) w i l l  be a s u r f a c e  covering o f  a 
non-metallic , low-density r e f r a c t o r y  oxide.  This a a t e r i a l  , r e f  e r r e d  
t o  cs Reusable Surface  I n s u l a t i o n  (RsI) ,  i s  capable of wi ths tanding 
without degradat ion repeated e l  3sure t o  t h e  harsh reen t ry  environment, 
while i n s u l a t i n g  t h e  co ld  s t r u c t u r e  of t h e  veh ic le  from sur face  tempere- 
t u r e s  i n  excess of 1500° K. The m a t e r i a l  w i l l  be a t t ached  t o  t h e  vek:icle 
s u r f a c e  i n  a "br ick- l iket t  a r r a y  of square t i l e s  (15.24 x 15.24 cm) which 
vary i n  th ickness  from approximately 1-10 cent imeters  according t o  t h e  
i n t e n s i t y  of t h e  l o c a l  hea t ing  environment. Small gaps between t i l e s  
w i l l  a l low f o r  thermal expansion of t h e  t i l e  m a t e r i a l .  I n t e r f e r e n c e  
heat  t r a n s f e r  t o  t h e  t i l e  e x t e r i o r  and gap w a l l  s u r f a c e s  i s  of major 
concern t o  t h e  TPS designer .  The presence of t h e  gaps may r e s u l t  i n  
inc reased  boundary-layer turbulence and a t t e n d a n t  inc reased  surfeoe 
heat ing.  Heating l e v e l s  wi th in  t h e  gaps,  which would be expected t o  be 
s u b s t a n t i a l l y  lower than s u r f a c e  v a l u e s ,  may be s i x i l a r l y  severe  due 
t o  flow rea.! tachment phenomena. I n  a d d i t i o n ,  r a d i a t i o n  blockage wi th in  
t h e  gaps may produce extreme temperatures evec a t  low hea t ing  l e v e l s ,  
and t h e  shortened h e a t  paths  may resalt i n  excess ive  bond-line 
temperatures . 
Effective design of t h e  TPS requires  a sound knowledge of t he  
aerodynamic heating environment t o  which t h e  RSI t i l e s  w i l l  be  sub- 
jet-ced. This knowledge must include an accurate de f in i t i on  of t h e  heat 
t r a n s f e r  d i s t r i bu t ion  about a t i l e  and a good understanding of how t h i s  
d i s t r i bu t ion  i s  a f fec ted  by boundary layer  s t a t e  (laminar/turbulent 1, 
boundary l aye r  thickness ,  flow angular i ty ,  gap width, t i l e  edge radius,  
t i l e  stacking arrangement, and other  parameters. 
Present day understanding of heat t r ans fe r  i n  gap or cavi ty flows 
has r e su l t ed  from past  s tud ies  of t h e  general problem of heat  t r a n s f e r  
i n  regions of separated flow. Chapman ( r e f .  1) attacked the  problem 
of a purely laminar separated flow region theo re t i ca l ly .  His analy- 
s i s ,  which assumed a boundary layer  of zero thickness , c t h e  separat ion 
point ,  predicted t h a t  the  averag9 heating t o  t h e  separated region was 
only 56 percent of t h a t  f o r  a t tsched flow under s imi l a r  condi t ions,  
Chapman's theory was not capable of predict ing heat t r ans fe r  d i s t r ibu-  
t i ons .  Larson (rt *. 2 j experimentally ve r i f i ed  Chapman's r e s u l t  and 
found a s imi la r  reduction i n  average heat t r a n s f e r  of about 60 percent 
fo r  separated turbulent  boundary layers .  
Cherwat, e t  a1 ( re fs .  j and 4 )  made extensive measurements of t he  
pressure and heat  t r ans fe r  d i s t r i bu t ions  i n  c a v i t i e s  ~ n d e i *  turbulent  
boundary layer  conditions a t  subsonic and low supersonic Mach numbers. 
They were ab le  t o  i den t i fy  a c r i t i c a l  cavi ty width-to-depth r a t i o  
which "separates" t he  cavi ty flow i n t o  two d i e t i n c t  types.  When t h i s  
width-to-depth r a t i o  i s  exceeded, t h e  flow separates  at t h e  fcrward 
c a v i t y  w a l l  and r e a t t a c h e s  t o  t h e  c a v i t y  f l o o r  a s  a rea r - fac ing  s t e p ,  
then s e p a r a t e s  again  ahead of t h e  upstream-facing c a v i t y  wal,. This 
type  of flow i s  termed "closed" c a v i t y  flow. When t h e  width-to-depth 
r a t i o  f a l l s  below t h e  c r i t i c a l  va lue ,  t h e  . ~ u n d a r y  flow br idges  t h e  
cav i ty  e n t i r e l y ,  r e a t t a c h i n g  a t  t h e  upstream-facing w a l l ,  and i s  termed 
"open" cav i ty  flow. Addi t ional  experimental  s t u d i e s  o f  cavity-type 
separa ted  flcws a r e  repor ted  i n  r e f s .  5-10 f o r  t h e  laminar case  and r e f s .  
11-15 f o r  t h e  t u r b u l e n t  case .  
Burgraf f  ( r e f .  1 6 )  a p ~ r o a c h e d  t h e  gap hea t ing  problem a n a l y t  i c a l i y  
f o r  t h e  lclminar s e p a r a t i o n  condi t ion.  His a n a l y s i s  pos tu la ted  an inv i s -  
c i d  r e c i r c u l a t i n g  core flow wi th in  +,he c a v i t y ,  and, t h e r e f o r e ,  i s  not  
app l icab le  t o  f u l l y  viscous  c a v l t y  f lows. Nes t l e r  ( r e f .  17 and 18) 
approached t h e  problem f o r  botk laminar and t u r b u l e n t  cases by analy- 
z ing t h e  shear  l a y e r  development and. reattachment,  a s s u i n g  a w a l l  j e t  
hea t ing  decay from t h e  reattachmenL po in t .  
The ,,ap hea t ing  problem f o r  s h u t t l e  i s  one which w i l l  o c c 3 a  i n  
deep gaps where t h e  r a t i o  of gap width-to-depth (w/d) i s  Less than 0.08. 
(Gap width w i l l  be nominally - .082 cm. ) Typica l ly ,  t h e  g a ~  hea t ing  
environment f o r  s h u t t l e  w i l l  c o n s i s t  of an oncoming boundary l a y e r  w i t h  
th ickness  f a r  i n  excess  of t h e  l o c a l  gap width (6*/w >' 1 )  . A l l  o f  t h e  
i n v e s t i g a t i o n s  previously  mentioned, however, have d e a l t  wi th  c a v i t i e z  
wi th  width-to-depth r a t i o s  much g r e a t e r  than t h e  sh! . t t le  value ( u s u a l l y  
> 1 )  , and bounaary l a y e r  th icknesses  genera l ly  much l e s s  than t h e  gap 
widtn. Only t h e  d a t a  of Weitic3 ( r e f .  9 )  f o r  laminar f low, begin t o  
approach the  gap and bcundary l aye r  geometries o f  i n t e r e s t  f o r  t h e  
shu t t l e .  
In  support of t h e  space s h u t t l e  technology program, an experimen- 
tal e f f o r t  has been facused on the  shut t le - re la ted  gap heating prcblems. 
Evaluatior. of TF5 t i l e  mater ial  thermal performance ( r e f .  19)  and defi-  
n i t ion  of t he  gap heating environment a r e  important elemects i n  t n i s  
e f f o r t .  Jchnson ( r e f .  20) s tudied the  e f f e c t s  of gap width and boundary 
layer  thickness on TPS gas heating f o r  turbulent  flow over a simulated 
t i l e  array at Vhch 8. This work revealed a po ten t i a l  heating problerz 
area a: tne ic te rsec t ion  of streamwise and t ransverse rmn ing  gaps. 
Throcirnorton ( r e f .  21) abtained da t a  on a simulated t i l e  array i n  a 
turbulent boundary layer  t o  inves t iga te  t he  e f f e c t s  of gap width, flow 
angular i ty ,  and t i l e  surface mismatch on t i l e  gap heating. Foster 
e t  a1 ( r e f .  22)  invest igated the  e f f e c t  of s imi l a r  parameters f o r  s ing le  
gaps a?d gap in te rsec t ions  i n  lami ?ar flc.". X compilation and ~ ~ a l y s i s  
of these and other  r ece r t  gap heating da ta  may be found i n  r e f .  23. 
Secause of entry angles of a t tack  and the  complex curvatures of the  
o r b i t e r  externbl  surface,  boundary l aye r  flows over much of t he  f l i g h t  
vehicle w i l l  be strongly influenced by gradients  i n  surface pressure.  
Each of the recent s tud ies  of TPS gap heating phenomena, however, have 
been conducted on sharp f l a t  p l a t e s  or  i n  tunnel wal l  boundary l aye r s  
under conditions of zero pressure gradient .  The present inves t iga t ion  
was undertaken t o  assess possible  e f f e c t s  of pressure gradient  on the  
heat t r ans fe r  t o  AS1 t i l e  array gaps under t h i ck ,  turbulent  boundary 
layer  conditions. 
IV. EXPERIMENTAL APPARATUS AND PROCEDURES 
Heat t r a n s f e r  and pressure measwement t e s t s  were made on a curved 
array of fu l l - sca le  simulated RSI t i l e s  submerged i n  a t h i ck ,  tu rbulen t ,  
tunnel-s idewall boundary layer .  Transverse pressure gradients  of 
varying nagnitgde were induced over t he  model surface by r o t a t i p s  t he  
curved array b5th respect t o  t he  flow direct ion.  This enabled t h e  study 
of RSI t i l e  array gap heating as af fec ted  by pressure gradient.  The 
t i l e  a r ray  w a s  t e s t e d  both with gaps present ,  and with the  gaps f i l l e d  
and smoothed t o  provide snootL-surface reference dafa. 
Heat t r a n s f e r  and pressure measurements vere also made on a smooth 
f l a t  p l a t e  mo>mted i n  t h e  tunnel  sidewall .  These da ta ,  along with 
measured p i t o t  pressure p r o f i l e s ,  provided a de f in i t i on  of  t h e  charac- 
t e r i s t i c s  of  t h e  3-dimensional boundary layer  flow i n  which t i l e  a r ray  
t e s t s  were conducted. 
F a c i l i t y  
The experimental r e s u l t s  presented herein were obtained i n  t he  
Langley Research Center Continuous Flow Hypersonic !Tunnel. This f ac i l -  
i t y ,  which has a 78.74 cn: (31-inch) square t e s t  s e c t i c ~ ,  operates a t  a 
nominal freestream Mach number of 10.3 over a freestream un i t  Reynolds 
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number range of 1.5 - 8.2 x 10 per  meter using air as  t h e  t e s t  gas. 
The tunnel  may be operated i n  e i t h e r  a blowdown o r  continuous, closed- 
c i r c u i t  mode. A schematic of t he  tunnel  c i r c u i t  is  shown i n  f igure  1. 
For continuous operation, t he  high pressure air supply and vacuum sphere 
a r e  used t o  i n i t i a t e  t he  hypersonic flow. When the  flow has been 
estkbl ished,  t h e  second minimum is closed down, and t h e  compressors 
brought i n t o  the  loop t o  maintain t h e  hypersonic flow. Air heaters  
a r e  of t h e  t u b d a r ,  e l e c t r i c a l  res i s tance  type. The tunnel  t h roa t ,  
expansion, and d i f fuse r  sec t ions  are a l l  water cooled. A photograph of 
t h e  f a c i l i t y  is presented i n  f i gu re  2. 
For these  tests, th+ models were mounted on the  model i n j ec t ion  
mechanism which is shown adjacent t o  the  t e s t  sec t ion  i n  f i gu re  3. 
This  device allows a model t o  be i so la ted  from the  hypersonic airs t ream 
f o r  model cooling o r  geometric changes. The mechanism a l s o  provides 
rapid in j ec t ion  of a model i n t o  the  hypersonic airstream. 
Models and Instrumentation 
Pressure gradient  model.- The RSI t i l e  pressure gradient  moael was 
a curved array of simulated fu l l - sca le  RSI t i l e s  fabricated of Inconel 
sheet with a nominal thickness of 0.0483 cm. Surface curvature w a s  
defined by a r i gh t  c i r c u l a r  cyl inder  of 102.28 cm rad ius ,  cu t  by a 
plane at a 5 degree angle t o  t he  ax i s  of t he  cylinder.  A model sche- 
matic is shown i n  f i gu re  4. Individual t i l e  s i z e  w a s  14.92 cm square. 
The model w a s  fabr ica ted  such t h a t  each t ransverse row of simula- 
t e d  t i l e s  was a continuous sheet  of mater ia l  with the  streamwise gaps 
formed by bending. The t ransverse  gaps were fabr ica ted  separately and 
e lec t ron  beam welded between t i l e  row sec t ions  t o  form the  complete 
t i l e  array.  S t r e s s  r e l i e f  i n  t he  mater ia l  following the  welding pro- 
cess  resu l ted  i n  a "pinching down" of the  t ransverse gaps from the  
desired width. Resulting gap width between t i l e s  was nominally 0.30 cm 
for  streamwise running gaps ar~d 0.20 cm f o r  t ransverse  gaps. Gap 
depth was 2.86 cm. A photograph of the  model i s  shorn in  f igure  5 .  
Spacer p l a t e s  were a l s o  fabr ica ted  t o  maintain model edges f lu sh  
with t h e  tunnel  sidewall  Three s e t s  of spacer p l a t e s  were fabr ica ted  
t o  allow t e s t i n g  at model flow angular i t ies  of 0 ,  222.5, and 245 degrees. 
The model and spacer p l a t e s  mounted o n  t h e  f a c i l i t y  i n j ec t ion  system 
fo r  t e s t i c g  a r e  shown i n  f igure  6. 
The model was instrumented ~ 5 t h  67 chromel-alumel thermocoup:es 
spot-welded t o  the  model back-surface a t  t i l e  surface and gap loca t ions  
defined i n  f igure  7. The model w a s  a l s o  f i t t e d  with 12  s t a t i c  pressure 
o r i f i c e s  located a s  shown i n  f i gu re  7. 
For smooth surface t e s t i n g  of t h e  model, t he  gaps were eliminaL-d 
by f i l l i n g  them with twine t o  a point approximately one gap width below 
t h e  t i l e  e x t e r i o r  surface. The remainder of t h e  gap was f i l l e d  with 
p l a s t e r  of p a r i s  which w a s  allowed t o  dry and then smoothed by sanding 
t o  match the  surrounding surface. This created a smooth model with 
cor rec t  curvature f o r  measurement of surface reference data.  
F l a t  p l a t e  madel.- The smooth f l a t  p l a t e  model, used t o  measure 
undisturbed w a l l  heat  t r a n s f e r  coe f f i c i en t ,  was fabr ica ted  from 321 
s t a i n l e s s  s t e e l  sheet  with a naninal thickness of 0.127 cm. The 50.8 cm 
square panel f i t  f lush  with the  in j ec t ion  p l a t e  fabr ica ted  f o r  t e s t i n g  
of t h i s  model. The model and in j ec t ion  p l a t e  are shown mounted on t h e  
in j ec t ion  s t r u t ,  ready f o r  t e s t i n g ,  i n  f i gu re  8. The f l a t  p l a t e  model 
was instrumented with 11 chrornel-alumel thermocouples spot-welded t o  
t he  model back-surface, located as shown i n  f igure  9. 
Boundary-layer probe.- A boundary-layer rake with 11 p i t o t  probes 
w a s  fabr ica ted  f o r  use with t h e  f l a t  p l a t e  model. The rake could be 
placed downstream of t h e  f l a t  p l a t e  model a t  four  spanwise locat ions.  
Individual  p i t o t  probes were loca ted  e t  s t a t i o n s  nonnal t o  t h e  wall  
as shown i n  t h e  rake schematic o f  f i gu re  10. Tube diameters var ied with 
pos i t ion  r e l a t i v e  t o  t he  w a l l .  The rake i s  shown i n s t a l l e d  with the 
f l a t  p l a t e  model f o r  t e s t i n g  i n  f i gu re  8. 
Test  Procedures and Conditions 
The t r ans i en t  calorimeter technique was used t o  measure the  hea t  
t r a n s f e r  r a t e s  t o  t he  surfaces o f  t h e  t h i n  sk in  models. The t e s t s  
were conducted with t h e  models i n i t i a l l y  a t  room temperature, i so l a t ed  
from t h e  hypersonic airs t ream within the  in j ec t ion  chamber, a t  a pres- 
Fure equal  t o  t h e  test sec t ion  s t a t i c  pressure.  With t h e  hypersonic 
fl.ow es tab l i shed  i n  t he  test sec t ion ,  the  model was rap id ly  in jec ted  t o  
t he  t e s t  pos i t i on ,  f l u sh  with t h e  tunnel  s idewal l ,  and da t a  were auto- 
matical ly  recorded a t  a r a t e  of 20 semples/second. After the model had 
been exposed t c  t he  airs t ream f o r  an i n t e r v a l  of time su f f i c i en t  t o  
allow press;re transducer outputs  t o  " s e t t l e  out ,"  the  model was re t rac-  
t e d  7 .  ,xu t h e  stream i n t o  the  in j ec t ion  box. 
Both the t i l e  a r r ay  and f l a t  p l a t e  reference models were t e s t e d  
at; nominal freestream t o t a l  pressures  of 2.41, 5.17, and 9.65 x 10 6 
8 / m 2 ;  corrr3ponding t o  freestream un i t  Reynolds numbers of 1 .6,  3.3, 
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and 6.i x 10 per  meter. The t i l e  array model was t e s t e d  a t  flow 
tcngles , a,  of 0 ,  222.5' , and f45'. Testing at pos i t i ve  and negative 
flow angles allowed measurement of both temperature and pressure da t a  
over t he  e n t i r e  model surface while instrumenting only one s ide  of t he  
plane of symmetry f o r  e i t h e r  temperature o r  pressure as shown i n  f i gu re  
7. By "mirror imaging" t h e  da t a  obtained at negative flow angles ,  da ta  
f o r  the  e n t i r e  model sur face  was obtained f o r  flow angles of cr = 0°, 
22.5O, and 45O. 
Measurement Techniques 
Temperature data.- Temperature d a t a  were obtained using the  chromel- 
alumel thermocouples with a reference junction of 324.8 K. The I -0- 
erence Junction temperature was thermostat ical ly  cont ro l led  t o  within 
20.55' K. Freestream t o t a l  temperature was measured at the  center l ine  
of t h e  tunnel s e t t l i n g  chamber immediately upstream of t he  nozzle. 
Pressure data.-  Freastreem t o t a l  pressure was measured i n  t he  
s e t t l i n g  chamber by th ree  strain-gage-type transducers.  The t ransducers  
6 2 ha? ranges of 0-3.45, 0-6.89, and 0-17.24 x 10 N/m . The transducer  
with the  lowest pressure range which remained on sca l e  was used t o  
record t h e  data.  
S t a t i c  pressures  were measured using bsratrons mounted on the  in- 
jec t ion  s t r u t  immediately behind t h e  model. The baratron is  a capacitance- 
type t ransducer ,  operated i n  conjunction with a s igna l  conditioner t o  
2 
allow measurement of pressure over seven ranges from 0-68.9 N/m through 
4 2 0-6.89 x 10 N/m , The s igna l  condi t ioner  provides automatic ranging 
such t h a t  the  measurements were obtained on t h e  lowest poss ib le  range. 
Data Reduction 
Freestream Flow Quantities.- Freestream Mach number was determined 
from previously obtained tunnel  flow ca l ibra t ions .  Freestreem tempera- 
t u r e  and pressure quan t i t i e s  were calculated using t he  one-dimensional 
perfect  gas r e l a t i ons  of r e f .  24 with correct ions f o r  r e a l  gas imper- 
fect ions.  The r e a l  gas cor rec t ion  f ac to r s  were derived from t h e  work 
of Erickson and Creekmore ( r e f .  25) on thermodynamic proper t ies  of 
equilibrium a i r .  Fluid v iscos i ty  was calculated using the  Sutherland 
r e l a t i o n  f o r  low temperature, shown below i n  SI un i t s :  
Boundary Layer Profi les . -  Boundary l ayer  veloci ty  and densi ty  
p r o f i l e s  were derived from f l a t  p l a t e  w a l l  boundary layer  p i t o t  pressure 
measurements. These ca lcu la t ions  required assumptions of the  d i s t r i -  
but ion of s t a t i c  pressure and temperature through the  boundary layer .  
A s  shown i n  f igure  11, the  measured f l a t  p l a t e  s t a t i c  pressure was 
s ign i f i can t ly  higher  than t h e  computed freestream s t a t i c  pressure.  
S t a t i c  pressure within t h e  boundary l aye r  was assumed t o  vary l i nea r ly  
between the  measured w a l l  and computed freestreem values.  
Tota l  temperature within t h e  boundary l aye r  was assumed t o  vary 
RS the  square of ve loc i ty ,  
which is charac te r i s t i c  of turbulent nozzle-wall boundary layers 
( r e f .  26). Unpublished t o t a l  temperature measurements made by D. H. 
Crawford i n  the  w a l l  boundary layer  of t h i s  f a c i l i t y  show good agree- 
ment with the  quadratic temperature-velocity relat ion.  
With the  measured p i t o t  pressure and assumed s t a t i c  pressure a t  
each point,  the  Raleigh p i t o t  equation was applied t o  ca lcula te  loca l  
Mach number. Local veloci ty and density were then computed using t he  
assumed temperature d is t r ibut ion  and the  perfect  gas equation of s t a t e .  
Heat Transfer Data.- The t e s t  procedure of rapid in jec t ion  of the 
isothermal model t o  the  t e s t  position provided a s tep  input i n  heat 
t r ans fe r  t o  the thin-skin model. Heat t ransfer  r a t e s  were determined 
by the  transient-calorimeter technique of measuring the  time-rate-of- 
change of the  model skin temperatumf For da ta  reduction purposes, the  
one-half second in te rva l  of temperature da ta  immediately following mode, 
in jec t ion  w a s  disregarded t o  allow steady-state conditions t o  s t a b i l i z e  
i n  the gap flow. This time is  in  excess of the  required time as reported 
by Nicoll,  re f .  27. A quadratic l e a s t  squares curve w a s  f i t  t o  the 
subsequent b-second in te rva l  of da ta  f o r  each thermocouple. Rates-of- 
change of temperature with time ( aTw/at ) were evaluated analyt i  ca11y 
from the  curve f i t  expressions a t  the  i n i t i a l  point of each curve f i t .  
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-A deta i led  assessment of the  accuracy of t h i s  technique f c r  these 
t e s t s  i s  contained i n  Appendix A. 
Heat transfer rates were then computed from the expression 
Heat transfer data are expressed in the form of the heat transfer 
coefficient ( h )  defined as 
Adiabatic wall temperature ( T ~ ~ )  was computed from the relation 
where recovery factor ( r )  was assumed equal to 0.89. 
V. RESULTS AND DISCUSSION 
Coordinate Defini t ion 
In  t h e  discussion of experimental r e s u l t s  which follows, t he  da t a  
a r e  referenced t o  coordinate s y ~ t e m s  defined i n  f i gu re  12. A l l  f l a t  
p l a t e  and w a l l  boundary l aye r  da t a  a r e  referenced t o  a stream-oriented 
coordinate system ( X ,  Y ,  Z) which is f ixed within the  flow. All curved 
panel b t a ,  both smoot,h and with gaps present ,  a r e  referenced t o  a 
coordinate system (x ,  y, z )  i i xed  within t h e  r o t a t i n g  curved ar ray .  
The or ig ins  of both coordinate systems a r e  located on the  tunnel  s ide-  
wal l  a t  t he  center  of r o t a t i o n  of t h e  t i l e  array model. 
Boundary Layer Surveys 
Boundary l aye r  ve loc i ty  p r o f i l e s  measured on the  sidewall  center- 
l i n e  a r e  presented i n  f i gu re  1 3  f o r  t he  four  freestream u n i t  Reynolds 
numbers at which f l a t  p l a t e  da t a  were obtained. The p r o f i l e  shapes a r e  
cha rac t e r i s t i c  of  a f u l l y  developed turbulent  boundary l aye r  and the  
p ro f i l e s  tend t o  " f i l l -ou t"  (boundary l aye r  t h i n s )  with increasing un i t  
Reynolds number. P ro f i l e s  obtained a t  severa l  t ransverse  loca t ions  a t  
a s ing le  u n i t  Reynolds number a r e  compared i n  f i gu re  14. A s i g n i f i c a n t  
change i n  t h e  boundary l aye r  p r o f i l e  shape as a function of t ransverse  
pos i t ion  is  observed. This t ransverse var ia t ion  i n  boundary l aye r  
p r o f i l e  i s  an indication of t h e  3-dimensional character  of t h e  boundary 
layer  flow i n  a nozzle of square cross-section. Although they do not 
present  a l l  of the measured prcp4? da t a ,  f igures  1 3  and 1 4  i l l u s t r a t e  
t he  t rends  observed i n  t h e  da t a  f o r  the  u n i t  Reynolds numbers and 
t ransverse loca t ions  a t  which p r o f i l e s  were measured. 
In  order t o  more readi ly  define the  e f f e c t s  of freestream u n i t  
Reynolds number and t ransverse loca t ion  on boundary layer  character is-  
t i c s ,  t he  measured p r o f i l e  da ta  were in tegra ted  t o  obtain values of the 
bulk quan t i t i e s  of boundary layer  df splacement ( b w  ) and momentum ( 8 ) 
thicknesses.  The quan t i t i e s  a r e  defined by the  r e l a t i ons  
and a r e  a  measure of the mass flow and momentum f lux  d e f i c i t s  respec- 
t i v e l y ,  within the  boundary layer .  The var ia t ions  of these quan t i t i e s  
with freestream u n i t  Reynolds number and t ransverse pos i t ion  a r e  pre- 
sented i n  f i gu re  15. Momentum thickness decreases ,  as  expected, with 
increasing u n i t  Reynolds number and shows l i t t l e  t ransverse var ia t ion .  
Boundary l aye r  displacement thickness does not change s ign i f i can t ly  
with u n i t  Reynolds number. Displacement thickness does, however, 
decrease rap id ly  with t ransverse p o ~ i t i o n ,  r e f l e c t i n g  the  charaes i n  
boundary l aye r  p r o f i l e  shape noted i n  f igure  1 4 .  
F l a t  P l a t e  Results 
Heat t r a n s f e r  data.- Measured f l a t  p l a t e  heat  t r a n s f e r  coe f f i c i en t s  
a r e  shown i n  f igure  16 f o r  t h e  full  range of t e s t  conditions.  A t  each 
t o t a l  pressure,  t he  heat  t r a n s f e r  increases  i i ~  the  t ransverse d i r ec t ion ,  
primarily ,s a r e s u l t  of the thinning of t h e  boundary l aye r ,  and i s  
symmetric about t h e  center l ine .  The streamwise d i s t r i bu t ion  of heat  
t r a n s f e r  exh ib i t s  a heating decay cha rac t e r i s t i c  of a fully-developed 
thickening boundary layer .  
Pressure data.- The f l a t  p l a t e  pressure da t a  ( f i gu re  17) show a 
transverse d i s t r i bu t ion  s imi l a r  t o  t h a t  of t h e  heat t r ans fe r  data .  
Streamwise, however, t he  pressure decreases t o  a minimum and increases  
i n  t h e  downstream (+X) di rec t ion .  This behavior i s  a t t r i b u t e d  t o  t he  
f a c t  t h a t  t he  t e s t  sec t ion  a rea  of t h i s  f a c i l i t g  does not represent a 
complete expansion of t he  flow from t h e  tunnel th roa t .  The tunnel  
nozzle expands the  flow t o  a poin t ,  approximately one meter upstream 
of t he  t e s t  sec t ion  center ,  a t  which the f l a t ,  p a r a l l e l  walls of the  
t e s t  sec t ion  begin. The i n t e r sec t ion  of t h e  expansion sec t ion  and t e s t  
sec t ion  walls  then cons t i t u t e s  a compression corner f o r  the  wall  boundary 
l aye r  flow. The da ta  presented herein were obtained i n  the compression 
region downstream of t h i s  corner. 
F l a t  p l a t e  da t a  correlat ion.-  As a b a s i s  f o r  understanding the  
mechanisms cont ro l l ing  t h e  f la t  p l a t e  wal l  boundary layer  heat t r a n s f e r ,  
t h e  heat ing da t a  of f i gu re  16 were cor re la ted  with parameters which could 
be expected t o  influence heat t i -ms fe r .  Figure 18 presents  f l a t  p l a t e  
heat ing da t a  expressed i n  the  form of Stanton number, NSt, plo t ted  as 
a function of Reynolds number based on w a l l  conditions and boundary 
l y e r  momentum thickness ,  RevBe. The heat  t r a n s f e r  da ta  points  were 
in fer red  from the  da t a  of f igure 16 f o r  t he  t ransverse locat ions a t  
which boundary layer p r o f i l e s  were obtained. 
A t  each t ransverse loca t ion ,  Stanton number and Reynolds r,umber 
co r r e l a t e  the  da ta  over t he  range of freestream flow conditions.  This 
r e s u l t  i s  not unexpected, s ince  f o r  f u l l y  developed turbulent  b ~ u n d a ~ y  
layers  over f l a t  p l a t e s ,  heat t r ans fe r  over a Reynolds numbttr r e  
can normally be cor re la ted  by Stanton and Reynolds numbers ( r e f .  , 
For t h i s  tunnel  wal l  boundary l aye r  flow, Stanton number was found 
t o  vary a s  t he  w a l l  Reynolds number, Rewse, t o  t h e  -.07 power a t  each 
t ransverse loca t ion ,  as  indicated i n  f i gu re  18. Fal lure  t o  co r r e l a t e  
the  da ta  f o r  the  three  t ransverse locat ions i s  not surpr i s ing ,  a s  the  
Stanton/Reynolds number cor re la t ion  r e l a t e s  changes i n  streanwise 
var iab les  and has no appl ica t ion  'lo t ransverse flow phenomena. Tt;e 
upstream h i s to r i e s  of the  boundary layers  a f fec t ing  each t ransverse 
loca t ion  are unique and no simple boundary layer  paremeter r e l a t e s  the 
t ransverse influence of boundary layer  cha rac t e r i s t i c s .  The s ingle  
paremeter which va r i e s  s ign i f icar i t ly  i n  t he  t ransverse  plane i s  boundary 
layer  displacement thickness; and f o r  a given boundary layer  flow, heat 
t r a n s f e r  i s  known t o  decrease with increasing boundary l aye r  thickness .  
A s  previously noted, f o r  t h i s  tunnel  w a l l  flow, displacement thickness  
does not vary s ign i f i can t ly  w i ~ h  u n i t  Reynolds number. The e f f e c t  of 
t ransverse  boundary l aye r  thickness  va r i a t i on  on tunnel  sidewall  heat 
t r a n s f e r  i s  indicated i n  f igure  19  where t h e  da ta  of f i gu re  10 a r e  
presented a s  a function of displacanent thickness.  The f l a t  p l a t e  heat 
t r a n s f e r  4ata  co r r e l a t e  with per t inent  flow var iab les  according t o  t h e  
r e l a t i o n  
where W i s  defined a s  t he  tunnel  t e s t  sec t ion  
half-width (39.37 cm) . 
RSI T i l e  Array Results - Smooth Model 
Because of the complexity of the  wall  bojmdary l aye r  flow indicated 
by the  f l a t  p l a t e  and boundary layer  probe r e s u l t s ,  heat t r ans fe r  and 
pressure data  were obtained on the  RSI t i l e  array model with no gaps 
present.  The data  were used t o  r e l a t e  measured surface a n i  gap heating 
t o  ar. undisturbed surface reference. 
Pressure data.- Smooth model pressure da t a  and fourth-order l e a s t  
squares curve f i t s  of t he  da t a  a r e  presented i n  f igure  20 f o r  a l l  . e ~ t  
conditions.  The da t a  from the  o r i f i c e  lo~hced at y = k5.08 c s  were not 
considered fo r  cor?utat:on of t h e  curve f i t  expressions &s data  f rm 
t h i s  transducer were consistent1.y higher than t h a t  from the  other  t rans-  
ducers. A t  an a r ray  ro t a t ion  angle, a,  of 0 ° ,  the pressures show the  
saine transverse t rends demonstrated by the  f l a t  p la te  data.  Flow de- 
f l ec t ion  angle, $ (i  .e. t h e  angle between the  freestream veloci ty  vector 
and the  plane of tangency OA t he  surface at. a p o i n t ) ,  has negl ia ib le  
point t o  point v a r i a t i o a  between o r i f  ices  when a = 0'. With i r  .:*eases 
i n  ro t a t ion  angle,  a, t o  22.5' and 45', flow def lec t ion  angles on the  
upstream portion of the model increase, those on t h e  downstream portion 
decresse, and s t a t i c  pressures vary a;cordingly. 1 
Heat t ransfer  data.- Measured smooth surface reference heat trans- 
f e r  data a re  presented i n  f igure 21. For the  zero rotat ion angle case, 
heat t ransfer  increases, as expected, with transverse distance from the 
center? .ne. .The r a t e  of increase, hovever, Is greater  than tha t  mea- 
sured fo r  t h e  f l a t  plate.  This more rapid increase is hypothesized t o  
be the  resu l t  of an ef fec t ive  "thinning" of the  boundary layer due t o  
the  protrusion of the model i n t o  the  boundary layer flow. With a bound- 
ary layer  vhich is  much thicker than the protruding height of the t i le  
array model, it is not thought tha t  the. model v i l l  s ignif icantly af fec t  
the outer portions of the boundary l v e r  as would be the  case i f  the  
character is t ic  dimension of the  model vas of the same order as the  
boundary layer t h i c h e s s .  Rather, the  boundary layer edge location 
remains essent ia l ly  unchanged from the  f l a t  p la te  case and the  boundary 
layer thickness is decreased by the  protrusion of the  curved model in to  
the  flov. 
b o t e  tha t  the p-coordinate is fixed i n  the ro ta t ing  array, while the 
Y-coordinate is fixed in the  tunnel sidewall. While y-values are 
constant for  each o r i f i ce ,  the  o r i f i c e  locations within the complex 
boundary layer flow vary with array rotat ion angle. Therefore, the  
pressure and heat t ransfer  variat ions shown i n  the  f igures as functions 
of the y-coordinate, are a superpo~i t ion  of e f fec t s  of chanqing f lov 
deflection angle, and changes i n  Y-coordinate position (boundary leyer 
conditions affecting the  point ) . Derivation of the expression fo r  
flow deflection angle 8s a fwaction of y-location and array ro ta t ion  
angle, a, is contained i n  Appr ' ix B. 
Smootn surface heating data  f o r  t h e  a = 22.5' and 45O cases show 
increased surface heating with increasing flow deflect ion angle 
(y-increesing) as expected. The data a l so  show, howver, increases i n  
heating where the  f lov  deflect ion angle is decreasing (y-decreasing 1. 
This anomaly is explained by the  fac t  tha t  these heating increases, i n  
regions of decreasing flow deflection, are occurring a t  w a l l  positions 
where boundary layer  thickness is  decreasing. The opposing e f fec t s  
of decreasing boundary layer thickness and flow deflection angle are 
dominated by the boundary layer thinning e f f e c t ,  and heating increases. 
In t h e  f o l l o ~ i n g  section, a method w i l l  be developed t o  predict smooth 
model surface heat t ransfer .  This prediction method uses the  measured 
f l a t  p la te  heat t ransfer  and pressure data a s  a t a s e  and perturbs these 
data t o  account f o r  the  flow deflect ion and boundary layer thinning 
e f fec t s  vhich resu l t  f:.m curved panel rotation. 
Prediction of smooth surface heating characterist ics .-  Consider 
the  correlat ion of f l a t  p la te  heating data presented i n  figure 19: 
and assume t h a t  a c o r n l a t i o n  of t h i s  form is val id  f o r  the  smooth 
curved panel data. Therefore, fo r  curved paocl data: 
where 6Eff is an e f f ec t ive  boundary layer thickness as hypothesized 
in  the previous sect ion.  Ely def in i t ion ,  
h p"%e 
and Re - 
' 8  M" 
Substituting these expressions i n  Equation (91, 
Assuming a perfect gas,  
and assuming v a l l  temperature fluctuations are negl ig ib le ,  
then, 
Neglecting t h e  veak dependence on 8: 
For the  purpose of demonstrating t h e  predicted d i s t r i bu t ion  o f  
heat  t r a n s f e r  t o  a l l  t i l e s  i n  t he  model a r ray ,  an est imate of the  l o c a l  
pressure l e v e l  must be made. Modified Newtonian Theory is appl ied t o  
estimate the  w a l l  s t a t i c  pressure var ia t ion  as a f f ec t ed  by t ransverse  
locat ion anc', t'Ic;.r def lec t ion  angle. The Modified Newtonian expression 
f o r  pressure,  referenced t o  t h e  f lat  p l a t e  value ( $  = 0) is: 
P 2 
- =  P 1 + (2- .) cos (90 + $1 
f p  
Now -timate 
where z is  t h e  locrtl protrusion of t:ie smooth model surface i c t o  
surf 
t h e  boundary l aye r  flow and k i s  a constant.  The value of che con- 
s t a n t ,  k ,  which provided a "best f i t "  t o  the  experimental da ta  was 
found t o  be 0.5. 
By applying t h e  known f l a t  p l a t e  pressure,  heat  t r a n s f e r ,  and 
boundary layer  information t o  expressions (15).  ( 1 4 ) ,  and (13 ) ,  the  
d i s t r i bu t ion  of heat ing t o  t he  surface of the  smooth, curved panel may 
be predicted f o r  all  flow conditions and panel ro t a t ion  angles. Pre- 
d ic ted  heat t r a n s f e r  d i s t r i bu t ions  f o r  t he  smooth model a t  a freestream 
6 Reynolds number of 3.3  x 10 per  meter and array ro t a t ion  angles of 0 ° ,  
22.5O, and 45" a re  show, i n  f i gu re  22. Comparison of t he  theory of 
f igurc  22 with the corresponding da t a  of f igure  21 demonstrates t h a t  
t ke  predict ion of t ransverse heat ing t rends by Eq~sti ~ t - .  (13) i s  good. 
The f a i l u r e  of the theory t o  more ancura te ly  predict  heating l e v e l  i s  
a t t r i b u t e d  t c  t he  inaccuracy of  t he  modified Newtonlcrrl pressure predict ions.  
A comparisoc i s  made i n  f i gu re  23 of t h e  neasured and predicted 
smooth panel pressures.  The f a i l u r e  of t he  modified Newtonian method 
t o  more accurately p r e d c i  pressure l e v e l  vss not unexpected a s  t h i s  
method is appl icable  t o  hypersonic flows of uniform t o t a l  pressue. In  
t h i s  case,  the  method w a s  applied t o  a boundary l aye r ,  a flow of non- 
uniform t o t a l  pressure,  without consideration of t he  t o t a l  pressure 
va r i a t i on  within t h e  boundary layer .  The in ten t ion  here,  however, was 
t o  reproduce t rends  i n  pressure l e v e l ,  not necessar i ly  magnitude; and 
the  modified Newtonian approach d id  t h i s  s a t i s f a c t o r i l y .  
I f  t h e  ac tua l  l oca l  pressure l e v e l  were known, it then appears 
t h a t  t h e  l o c a l  heat t r a n s f e r  could be predicted reasonably w e l l  using 
t h i s  approach. Figure 24 presents  measured heat  Sransfer  da ta  f o r  t h e  
t ransverse ray along which pressure da ta  were a l so  measured f o r  the 
6 3.3  x 1 3  /m Reynolds number case. The predicted heat ing from Equation 
(13) , using the  rneaqured pressure da ta ,  shows exce l len t  agreement with 
the  measured heat t r ans fe r .  Similar r e s u l t s  were observed i n  the d a t a  
b 
obtained a t  Reynolds numbers of  1.6 and 6.1 x 10 per  meter. 
RSI T i l e  Array Results - Gaps R e s e n t  
Pressure data.- Measured pressures  f o r  the  simulated RSI t i l e  
a r r ay  a r e  presented i n  f i gu re  25 f o r  all t e s t  conditions.  T i l e  sur face  
da t a  a r e  shown as open symbols, gap f l o o r  da t a  as s o l i d  symbols. Com- 
parison of these  da ta  with t h a t  of f i gu re  20 ind ica tes  t h a t  the  sur face  
pressure d i s t r i bu t ions  with gaps present a r e  e s s e n t i a l l y  i d e n t i c a l  t o  
those obtained with a smooth model. Pressure l e v e l  within the  gaps 
c lose ly  follows t h a t  of the  t i l e  e x t e r i o r  surface. 
Gap heat t r a n s f e r  data.- Measured d i s t r i bu t ions  of heat  t r ans fe rL  
along the  instrumented t ransverse gap a r e  shown i n  f igure  26 f o r  each 
6 
a r r ay  ro t a t ion  angle at the  3.3 x 10 /m Reynolds number flow condition. 
For the  zero ro t a t ion  case ( f igure  2 6 ( a ) ) ,  at s t ransverse pos i t ion  o f f  
t he  cen te r l i ne ,  t h e  surface flow completely bridges the  gap with no 
in tense  reattachment heat ing occurring at the  gap corner ,  nor any sig- 
n i f i c a n t  change i n  surface heat ing downstream of  the  gap. Note a l s o  
t h a t  o f f  t h e  center l ine  at a depth i n t o  the  gap of l e s s  than four  gap 
widths (b-symbol), t he  l o c a l  heat ing l e v e l  is  l e s s  than 2 percent of t he  
undisturbed surface value. The s o l i d  symbols of f igure  26, and those 
f igures  t o  follow, ind ica te  heat  t r a n s f e r  da t a  which a re  of questionnable 
accuracy. The model sk in  temperature increases  from which these da t a  
were derived were of t he  same order  as the  prec is ion  of the  measurement 
apparatus. The heat  t r a n s f e r  r a t e s  which resu l ted  from t h e  temperature 
' A l l  heat  t r a n s f e r  da t a  discuclsed i n  t h i s  sec t ion  a r e  non-dimtnsionalized 
by the  measured heat t r a n s f e r  t o  the  smooth surface model, Surface da t a  
a r e  normalized by the  smooth model measurement of t he  same thermocouple; 
gap wal l  da t a  a r e  normalized by the  smooth model surface measurement a t  
t h e  thermocouple loca t ion  nearest  the  gap. 
da ta  curve f i t s  are then af fec ted  as much by recording system da ta  
s c a t t e r  as by steady s t a t e  convective heating. These d a t a  are included 
f o r  completeness. 
For the  zero ro t a t ion  case,  f i gu re  26 (a ) ,  on the  a r ray  cen te r l i ne  
(y = O), the gap geometry cons is t s  of a  streannrise gap in t e r sec t ing  the  
t ransverse gap, c rea t ing  a  s tagnat ion region on the  t ransverse  gap w a l l  
at t he  in t e r sec t ion  point .  Heat t r a n s f e r  within the gap at the  in t e r -  
sec t ion  point  is  s ign i f i can t ly  higher than t h a t  f o r  a simple t ransverse 
gap as e x i s t s  away from the  center l ine .  Tt.is heat ing increase at the  
gap in t e r sec t ion  is  a t t r i b u t e d  t o  impingement of the "channel" flow i n  
the  streamwise gap upon the  forward-facing w a l l  o f  t he  t ransverse gap. 
Excessive heating at such gap in t e r sec t ions  poses a ser ious  problem f o r  
t h e  s h u t t l e  TPS designer. Dunavant and Throckmorton ( r e f .  29),  using 
gap in t e r sec t ion  d a t a  from several  f a c i l i t i e s ,  have show? t h a t  such 
da t a  m a y  be cor re la ted  as a funct ian of boundary l aye r  displacement 
thickness ,  streamwise gap running length,  gap width, and gap depth 
locat ion.  
Rotation of t h e  t i l e  arrey, f igures  26(b-c), produces s l i g h t  
increases  i n  t h e  surface reattachment heating, as e f f ec t ive  gap width 
increases  with ro t a t ion ,  and negl ig ib le  changes i n  the  heat ing l e v e l s  
within the  gap. The only s ign i f i can t  change i n  t he  gap heat ing dis-  
t r i b u t i o n  i s  a  t ransverse s h i f t  of t he  heating peak within the  gap which 
r e s u l t s  from t h e  gap in t e r sec t ion  phenomena, as ar ray  ro t a t ion  angle 
6 increases .  Results obtained a t  Reynolds number of 1.6 and 6.1 x 10 /m 
a r e  s imi l a r  t o  those shown. 
Figure 27 presents  heat t r ans fe r  da t a  f o r  the  streamwise gap at 
6 
a Reyr~olds number of 3.3 x 10 /m a8 a function of array r o t a t i o n  angle. 
The s ign i f i can t  var ia t ions  i n  gap heat ing observed i n  these  p l o t s  r e s u l t  
from the  t r a n s i t i o n  of the  w a l l  from one which i s  upstream-facing t o  
one which is downstream-facing as  a r ray  ro t a t ion  angle changes. When 
thc  wall  is downstream-facing ( a  > 0 )  , t h e  f l ov  =?pears t o  separa te  up- 
stream of t he  corner t h e m c o u p l e ,  r e su l t i ng  i n  heat ing lower than the  
undisturbed surface value. When the  w a l l  i s  upstream-facing (a < O), 
the  flow reat taches i n  t he  v i c i n i t y  of the  comer  thermocouple r e su l t i ng  
i n  heat ing equivalent t o  o r  g rea t e r  than the undisturbed surface value. 
This r e su l t  is i n  opposiiion t o  t h a t  observed i n  f i gu re  2 6 ( ~ ) ,  (y  = 3.81 
cm), where the  flow appeared t o  completely bridge the  gap, a t tach ing  
downstream o i  the  corner. These contrest ing r e s u l t s  a r e  a t t r i b u t e d  
t o  differences i n  the  gap width and corner r a d i i  between the streamwise 
and t ransverse gaps. A s  a r e s u l t  of t he  model f ab r i ca t ion  process dis-  
cussed previously, streamwise gap width was approximately 1.5 times as 
la rge  as t ransverse gap width and streamwise gap edge radius was s ig -  
n i f i can t ly  l a r g e r  than t h a t  of t he  t ransverse gap. The increased gap 
width and l a rge  exposed surface a rea  a t  the  streamvise gap edge allow 
f o r  d i f fus ion  of t h e  shear l a y e r  i n t o  the  gap and flow reattachment a t  
t he  t i l e  corner as opposed t o  t he  "bridging" phenomena observed f o r  t he  
t ransverse gap. 
The var ia t ions  of gap heat t r ans fe r  with ro t a t ion  angle f o r  t he  
simple t ransverse gap, and t h e  gap in t e r sec t ion ,  a r e  presented i n  
6 f igures  28 and 29, respect ively,  f o r  t he  3.3 x 10 /m Reynolds number 
case. Array ro t a t ion  angle h&d negl ig ib le  e f f e c t  upon t h e  heat ing t o  
t h e  simple t ransverse gap ( f igu re  28). Howwer, f o r  t h e  gap in te rsec-  
t i o n  loca t ion  ( f igu re  29 ) ,  a r ray  ro t a t ion  tends t o  increase the  l o c a l  
heat ing near t he  t i l e  surface while r e su l t i ng  i n  decreased heat ing a t  
depth within the  gap. Again, da t a  a t  other  u n i t  Reynolds numbers 
demonstrate s imi l a r  t rends.  
Pressure Gradient Ef fec ts  on Gap Heat Transfer 
The discussion of  t h e  previous sec t ion  has centered upon t h e  
e f f e c t s  o f  a r ray  ro t a t ion  on t h e  heat t r a n s f e r  within the gap. 
Rotation of  t h e  curved a r r ay  not only produced crossflow over t h e  
array,  but a l so  t h e  des i red  pressure gradient within t h e  gap, providing 
f o r  determination of t h e  e f f e c t  of pressure gradient  upon heat 
t r a n s f e r  within t h e  gap. The magnitude of t h i s  pressure gradient was 
determined by d i f f e r e n t i a t i n g  t h e  curve fits of  t h e  gap pressure da t a  
of f igure  25. 
In  f i gu re  30, measured heat  t r ans fe r  i n  t he  t ransverse gap a t  
y = 23.81 and 211.43 cm i s  presented a s  a function of a non-dimensional 
pressure gradient  parameter. This parameter, (aP/ay) (LIP), i s  the  
l o c a l  pressure gradient  divided by the  l o c a l  pressure times some charac- 
t e r i s t i c  length. Using the  fu l l - sca le  t i l e  dimension the character- 
i s t i c  length (L = 15.24 cm), t h i s  parameter i s  p h y s i c a l ~ y  a AP/P 
parameter f o r  one t i l e  length along ;he gap. No systematic e f f e c t  of 
pressure gradient  on gap heat  t r a n s f e r  i s  evident.  
Shut t le  Pressure Gradient Simulation 
In order t o  evaluate  the  fu l l - sca le  s h u t t l e  pressure gradient  
simulation obtained with the  curved array model, fu l l - sca le  vehicle  
spanwise pressure d i s t r i bu t ions  were obtained a t  two longi tudinal  sta- 
t i ons .  These pressure d i s t r i bu t ions  were calculated f o r  a fu l l - sca le  
vehicle at Mach 10.0 and 30' angle of a t tack  i n  a r e a l   as. The surface 
pressure d i s t r i bu t ions  were nume?ically d i f f e r en t i a t ed  t o  obtain the  
fu l l - sca le  values of the  pressure gradient parameter, (aP/aS) ( L / P ) .  
Values of  t h i s  parameter f o r  t he  fu l l - sca le  vehic le ,  a r e  presented i n  
f igure  31 as a function of surface dimension, s/Y-, f o r  the two longi- 
tud ina l  s t a t i ons  i l l u s t r a t e a .  The shaded area  superimposed upon these  
da ta  ind ica tes  the  range of pressure gradient  parameter values obtained 
i n  the  wind-tunnel t e s t s .  Simulation of fu l l - sca le  vehicle  pressure 
gradient  l eve l s  is  exce l len t  with t h e  exception of t he  wing leading 
edge regions. Wing leading edge TPS, however, w i l l  be a s o l i d  mater ial  
with no gaps present .  Therefore, t h e  e f f e c t  of pressure gradient  on 
gap heat ing is not of concern on t h a t  portion of t he  vehicle  surface.  
VI. CONCLUDING REMARKS 
An experimental inves t iga t ion  has been undertaken t o  aasess the  
e f f ec t  of pressure gradient on t h e  heat t r = s f e r  t o  reusable surface 
insu la t ion  (RSI)  t i l e  array gaps submerged i n  a t h i ck ,  turbulellt bound- 
ary layer .  The experimental program consisted of heat t r ans fe r  and 
pressure measurements on a curved ar ray  of fu l l - s ca l e  simulated RSI 
t i l e s  i n  the  tunnel w a l l  boundary layer  of the  Langley Research Center 
Continuous Flow Hypersonic Tunnel over a range of freestream Reynolds 
numbers and flow angular i t ies .  The t i l e  array nodel was t e s t ed  with gaps 
present ,  and with gaps eliminated t o  obtain smooth surface reference 
data.  In order  t o  gain a thorough understanding of t he  boundary layer  
flow in  which these t e s t s  were conducted, measurements of tunnel w a l l  
boundary layer  p i t o t  p ro f i l e s  and f l a t  p l a t e  w a l l  pressure and heat 
t r a n s f e r  were a l so  made. 
The measured f l a t  p l a t e  w a l l  heat t r a n s f e r  data  were cor re la ted  
with measured boundary leyer  parameters and a method was developed f o r  
pred ic t ion  of smooth, curved ar ray  surface heat t r ans fe r .  An assess- 
ment was made of t he  fu l l - sca le  vehicle pressure gradient simulation. 
The r e s u l t s  of  t h i s  inves t iga t ion  ind ica te  the following: 
(1) The w a l l  boundary l ayer  i n  the  square t e s t  sec t ion  of the  
Langley Research Center Continuous Flow Hypersonic Tunnel i s  highly 
three-dimensional with s ign i f i can t  t r a ~ s v e r s e  thickness var ia t ions .  
(2) Heat t r a n s f e r  t o  the tunnel  wal l  co r r e l a t e s  w i t h  momentum 
thickness  Reynolds number and boundary leyer  displacement thickness.  
( 3 )  Heating t o  t h e  curved t i l e  array i n  t h i s  flow was more sensi- 
t i v e  t o  t ransverse pos i t ion  than was the f l a t  p l a t e  data .  This sensi- 
t i v i t y  resu l ted  from thinning of t h e  boundary l aye r  by the  pro t rus4  )n 
of the  curved ar ray  surface i n t o  t h e  flow. 
( 4 )  A method has been derived f o r  predict ion of smooth, curved 
ar ray  heat t r ans fe r  i n  t h i s  tunnel  w a l l  boundary layer fluw. The 
method uses predicted o r  measured surface pressure t o  per turb t h e  mea- 
sured f l a t  p l a t e  heating da ta ,  and accounts f o r  "effect ive" boundary 
l aye r  thinning due t o  the  protrusion of the  model i n t o  the boundary 
layer .  
( 5 )  The l e v e l  and d i s t r i bu t ion  of pressure on the  f loo r  of the RSI 
t i l e  array gaps follow closely those of the  ex terna l  t i l e  surface.  
( 6 )  Heat t r a n s f e r  t o  the  gap w a l l  i s  s ign i f i can t ly  higher a t  t he  
in t e r sec t ion  of a streamwise and t ransverse gap than f o r  a s ingle  
streamwise o r  t ransverse gap. 
( 7 )  Simulation of fu l l - sca le  vehicle  pressure gradient was good. 
( 8 )  For a th ick  turbulent  boundary layer ,  there  i s  no systematic 
e f f e c t  of pressure gradient 0.1 t i l e  a r ray  gap heat t r ans fe r .  
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Figure 9.- F13t plate model ins t rumenta t ion  l o c a t i o n s .  

Figure 11..- Couparlson of centerline wall an8 f i - e e ~ ~ r e a n  s t a t i c  pressures. 

Figure  13.- Boundary l a y e r  v e l ~ c i t y  profiles a t  sidewall 
c e n t e r l i n e .  Y = 0. 
Figure 14.- Transverse variation of bordary layer velocity 
profile. ~ e d m  = 3.3 x 10 . 
Figure 15.- Variation of displacement and momentum thicknesses 
with transverse wall position. 
Figure 16.- Heat t r a n s f e r  coefficient d i s t r i b u t i o n  on t h e  flat pla te .  
-24 - 16 - 8 0 8 16 24 
X ,  crn 
Figure  17.- S t a t i c  p r e s s u r e  d i s t r i b u t i o n  on t h e  flat pla te .  
Figure 18.- Variation of f l a t  p l a t e  Stanton number with momentun 
thickness Reynolds nunher. 
Figure 19.- Correlation of flat plate heat transfer with displacement 
thickness. 
Figure  20.- S t a t i c  p ressure  d i s t r i b u t i o n s  on t h e  smoothed RSI 
t i l e  array model. 
6 (a )  ReW/rn = 1.6 x 10 . 
Figure  21.- Surface  heat  transfer d i s t r i b u t i o n s  on t h e  smoothed 
RSI t i l e  a r r a y  model. 
-24 - 16 - 8 0 8 16 24 
Yc cm 
6 (b) Rem/m = 3.3 x 10 . 
Figure 21.- Continued. 
t; ( c )  Rca/m = 6.1 x 10 . 
Figure 21. - Concluded. 
Figure 22.- P red ic ted  heat  t r a n s f e r  t o  t h e  smoothed F?SI t i l e  a r r a y  
model assuming modi ' ied Newtonian p ressure .  
~ e d m  = 3.3 x l o 6 .  
0 Measured data 
-Mod. Newtonian theory 
Figure  23.- Comparison of measured and modified Newtonid p ressures  - b 
on the smoothed RSI t i l e  a r r a y  model. ~ e d m  3.3 x 10 . 
0 Pleasured data  0 
-Theory (Eq. 13) 
Figure 24.- Comparison of aeaa-aed and predicted heat transfer t o  the 
smoothed RSI t i l e  array model using measured pressure 
data. Realm = 3.3  r lo6. 
0 0 0 T i l e  surface data 
..+Gap f l oo r  d a t a  
-24 - 16 -8 0 8 16 24 
Y ,  cm 
Figure 25.- S t a t i c  p ressdre  d i s t r i b u t i o n s  on t h e  RSI t i l e  &:ray model. 
(a) a =  0'. 
Figure 26.- Dis t r ibu t ion  of heat transfer within the  transverse gap. 







(a)  x = -15.61 cm. 
Figure 27.- Variation of heat  transfer t o  the s t re  ise gap with 
array rotation angle. ~e,/m = 3 .3  x 10 7Y 
a, degrees 
(b) x = -8.02 cm, 
Figure 27. - Concluded. 
a, degrees 
Figure 28.- Variation of heat transfer t o  the transverse gap with 
array rotation angle. ~eJm = 3 . 3  x lo6 
a, degrees 
Figure 29.- Variation with array rot?tion angle of heat trarisfer 
t o  the transverse gap at i t s  intersection with the 




Figure 31.- Full scale vehicle pressure gradient airnulation. 
M, 10.0, z = 30°. 
VIII. APPZ%DIX A 
Heat Transfer Rate Measurement Technique 
Aerodynamic heat transfer rate mellsurements were made wing the 
thin-skin or tknsient-calorimeter technique. This technique uses the 
measured temperature response at the backface of a "thin" metallic 
model and the assumption that the model acts as a heat sink only with 
no front-to-backface temperature gradients ( zero 4Vhickness ) to 
compute node1 front face heat transfer rates. i!eat transfer rates 
computed by this method may be in error, however, because of the 
finite thfckness of the model shill. The magnituce of this error m y  
be assessed by comparing the solution for trensient 1-dimensional heat 
conduction through a finite slab to the result for the ''thin-skin" 
assumption. 
Finite Thickness Slab 
Considlr the 1-dimensional transient 
conduction of heet through a finite 
solid 00 thickness 1, density p, 
specific heat c, and thermal 
conductivity k: 
where K = JL 
PC 
I n i t i a l  condition: 
Boundary conditions: 
aT(o*t)- = 0 
ax (Backface ad iaba t ic )  ( A - 4 )  
a ~ o . , t )  
ax = 9 z Constant (A-5) 
The exact so lu t i on  t o  this equation may be w r i t t e n  ( ~ e f .  3 0 ) :  
(2n + l ) h  - x 
+ ierfc (2n  + 1 ) h  + x  ~ ( x , t )  - T i  - - 2m 2 f i  
11-0 
(A-6 ) 
Solving fo r  t he  backface temperature ( x  = 0): 
Define 
then 
Thin Skin Approximation 
The " th in  skin" approximation assumes a:' i n f i n i t e l y  t h i n  wall 
and therefore  a simple enerLy balance between inyut heating r a t e  and 
heat  s torage : 
I n i t i a l  conditian: 
The so lu t ion  is  then: 
constant 
Comparison of equati0r.s (A-8) and (A-12) y ie lds  a i.irect re lat ior!  
f o r  "thin-skit?" versus f i n i t e - sk in  temperature response a t  the  model 
sk in  backface. The r a t i o  of ac tua l  f in i te -sk in  heating r a t e  (qfinite 1 
t o  "thin-skin" heating rate (qthin) is a function only of t h e  
- Kt and var ies  a s  shown i n  t he  following graph. parameter Fo = 7 
' f i n i t e  
%hin 
I 
I I I I I I -- - 
1 
I Flat p l a t e  da ta  
RSI t i l e  array data  
1 
I 
The error  i n  n;easWed heat  t r a n s f e r  rates vhich results from 
t h e  f i n i t e  model s k i n  th i ckness  is less than 3.5 percent f o r  both the  
flat p l a t e  wad IiSI t i l e  array models. 
IX. APPENDIX B 
Surface Flow Deflection Angle 
Consider the unit surface normal vector, n^: 
and the unit freestream velocity vector, 6: 
The scalar product of t t s se  vectors defines the angle between them, 
6.6 = (6 O + a 6 + Bz\) = C O ~  (go + Q) 
a x  Y Y  (B-3) 
where (90 + 4 )  is the angle betveen the freestream velocity and 
surface normal vectors, and i s  the angle between the surface tangent 
plane and the freestreem velocity vector. 
#, * 
Resolving unit vectors u ana n into their ccrnponent parts: 
and 
n 
n = cos 
X 
n 
n = sin 
Y 
n 
nz = cos 
f3 s i n  5 O  
B 
13 cos 5 O  
\ A x i s  o f  Cylinder 
Substituting the components in (A-3) : 
A A 








cos a : : . r ~  5 O  - 
surf  
( - ysL-fr);. 
s i n  @ = 1 cos a sin 5' + 
Rsurf  
